INTRODUCTION
Since 1964, the Geological Survey of Japan, National Institute of Advanced Industrial Science and Technology has provided 42 kinds of geochemical reference materials (rocks, sediments, ores, etc.) for the analysis of elemental concentrations and isotopic compositions (Okai, 2016) . The analytical data of elemental concentrations, isotopic compositions, and isotopic ages in these materials have been obtained. These geochemical reference materials are used worldwide as references to test reliability of analytical data obtained from different methods and different laboratories. At present, we have proceeded to identify chemical species in geochemical reference materials because physico-chemical properties and toxicities of elements in the materials change according to their chemical species. Elemental speciation would be informative to conduct appropriate risk assessment in a given environment. The sequential extraction protocol developed by the BCR was used for our speciation analysis to determine the precision and accuracy of the analytical data for elemental speciation. The BCR provides the reference (2016) also suggested that such a combined approach is very effective in identifying and quantifying Cr and Cu species in ubiquitous sample media, such as soil and stream sediment, with high reliability and precision.
Zinc is ubiquitous in soils, sediments, and rocks, and is essential for living organisms. It has been utilized widely in human activity over thousands of years, which has sometimes led to serious contamination. Zinc is easily dissolved in water, highly mobile and reactive in nature. For example, Voegelin et al. (2002) and Voegelin et al. (2005) examined the speciation of Zn in soil contaminated with Zn oxide (ZnO). They confirmed that ZnO in the soil was dissolved within 4-9 months and subsequently precipitated as Zn-Al layered double hydroxide (Zn-Al LDH) and partly transformed into Znphyllosilicate phases. Ohta (2014) reported that Zn in the soil contaminated with ZnO was significantly extracted at each extraction stage of the BCR protocol. Nevertheless, the XANES spectra did not change significantly during the BCR treatment. Subsequently, in this study, we have critically evaluated what are the chemical forms of zinc in a geochemical reference material that are extracted at each BCR extraction step using XAFS spectroscopy.
MATERIALS AND METHODS

Sample preparation for XANES spectroscopy
Eight geochemical reference materials from a sediment series (JSO-1, JLk-1, JSd-1, JSd-2, JSd-3, JSd-4, JMs-1, and JMs-2) were used for the speciation study Terashima et al., 1990 Terashima et al., , 2002 . JSO-1 is an andosol soil formed from volcanic ash . JLk-1 is a sediment from Lake Biwa . JSd-1, JSd-2, JSd-3, and JSd-4 are stream sediment samples collected from catchments with granitic rocks, metamorphic rocks associated with the Hitachi Cu mine, sedimentary rocks of accretionary complexes, and an alluvial formation in the Tokyo metropolitan area, respectively . JMs-1 and JMs-2 are marine sediments collected from Tokyo Bay and the South Pacific Ocean, respectively .
Sample preparation for XANES spectroscopy is after Ohta (2015) and Ohta and Kubota (2016) . The BCR protocol extracts target substances from sediments step by step as follows .
Step 1 extracts the elements in carbonate mineral forms or those weakly adsorbed to materials using acetic acid (the acid-soluble fraction).
Step 2 extracts the elements bound to Fe hydroxide and Mn oxide using hydroxylammonium chloride (the reduced fraction).
Step 3 extracts metal sulfides and elements bound to organic matter using hydrogen peroxide and ammonium acetate (the oxidizable fraction). Kubota et al. (2014) further decomposed the residual materials after the extraction of Step 3 using a HF-HNO 3 -HClO 4 mixed solution to obtain elemental concentrations in the refractory crystalline residual phases of the material. This step is herein referred to as "Step 4" (the final residual fraction). The technique is simply outlined in Table 1 . The residue from each step of the BCR extraction was filtered using a 0.45 mm cellulose acetate membrane. The samples on the filters were washed with double-deionized water and then freeze-dried and stored in a refrigerator at 4∞C until analysis. Samples without any treatment were also subjected to XANES spectroscopy as a comparison.
Several chemical reagents (ZnO, Zn(NO 3 HNO 3 solution (1000 mg ml -1 ), and nine geochemical reference materials (JLs-1, JDo-1, JMn-1, JZn-1, JB-1a, JG1a, JGb-2, JH-1, and JSl-2) were prepared as references. JLs-1 and JDo-1 are limestone and dolomite, respectively, ; JMn-1 is a ferromanganese nodule (Terashima et al., 1995) ; and JZn-1 is the Kamioka Pb- . The BCR protocol recommends a shaking speed of 30 rpm .
Zn skarn deposit composed of hedenbergite, calcite, quartz, galena, and sphalerite ; JB-1a and JG-1a are alkali basalt and granodiorite, respectively (Ando et al., 1987) ; JGb-2 is a fresh gabbro that was obtained from a tunnel construction site (Terashima et al., 1993) ; JH-1 is an altered hornblendite (Terashima et al., 1993) ; and JSl-2 is a clay slate . The JLs-1, JDo-1, JZn-1, JB-1a, JG-1a, and JSl-2 are unweathered rocks collected from rock quarries and mines. Approximately 0.1 g of each of chemical reagents, except for the Zn solution, JMn-1, and JZn-1, was diluted and mixed with 5 g boron nitride for XANES measurement.
In addition, a series of Zn-doped materials was also prepared including Zn-bearing humic acid (HA), FeOOH, and d-MnO 2 . The preparation procedures for these materials were after Ohta and Kubota (2016) . The synthesized Fe and Mn deposits are characterized to be amorphous Fe hydroxide and poorly crystalline d-MnO 2 using X-ray powder diffraction, respectively (Ohta et al., 2009) 
Zn was adsorbed to a 3.0 mg L -1 FeOOH or dMnO 2 precipitate in pH 4.9-7.0 solutions for 72 hours. In the same pH condition, Zn (0.2 mg L -1 ) coprecipitated with FeOOH (3.0 mg L -1 ) was also prepared for XANES analysis. Inogashira HA and Dando HA were purchased from the Japanese Humic Substances Society (Kuwatsuka et al., 1992) . A 100 mg L -1 HA was reacted with 2.0 mg L -1 Zn(II) in the pH 6.2-6.5 solution for 72 hours. Zn-Al layered double hydroxide (Zn-Al LDH) was precipitated by titrating a solution of 20 mmol L -1 ZnCl 2 and 10 mmol L -1 AlCl 3 to pH 6.5-7.0 for 12 hours (Taylor, 1984) . All experiments were conducted at ambient temperature (25∞C). The reactants were filtered through a 0.45 mm cellulose acetate membrane filter, washed with doubledeionized water and freeze-dried. HA samples were ultra-filtered with a centrifuge, washed with doubledeionized water and freeze-dried. These materials were preserved in plastic bags and stored in the refrigerator until analysis. The widespread and thin distribution of the reactant on the filter was exploited in the measurements to minimize the self-absorption of X-rays.
Sequential extraction procedure
The Zn concentrations determined according to a modified BCR scheme were obtained from Kubota et al. (2014) (Table 2) . BCR-701 is a reference material for the sequential extraction procedure and was certified for Cd, Cr, Cu, Ni, Pb, and Zn concentrations for a modified BCR protocol (Sutherland, 2010) . Kubota et al. (2014) reported that the concentrations of Zn in BCR-701 extracted at each of the respective stages are comparable to previously certified values, within errors (Table 2 ). High proportions of Zn were extracted in Step 2 (9-65%) and Step 1 (4-32%), but less was extracted in Step 3 (3-12%). In par- ticular, 65% and 55% of Zn were extracted in Step 2 from JSd-2 and JSd-4, respectively, while 32% of Zn was extracted in Step 1 from JSd-4 and JMs-1. The Zn in JSO-1 and JSd-3 was not abundantly extracted using the BCR protocol. Except for JSd-2, JSd-4, and JMs-1, Zn is the most abundant in Step 4 (residual fraction).
XANES spectroscopy measurement
Zn K-edge XANES spectra were recorded in the fluorescence mode at BL-12C of the Photon Factory at the Institute of Material Structure Science, High Energy Accelerator Research Organization (KEK-PF) (Nomura and Koyama, 1996) . The KEK-PF storage ring was operated at 2.5 GeV with 300-450 mA current. A Si(111) doublecrystal monochromator was used to produce a monochromatic X-ray beam. A bent cylindrical mirror focused the beam onto an area smaller than 1 mm ¥ 1 mm. The monochromator was calibrated at the peak of Zn-K edge (9663 eV), which is attributed to 1s AE 4p orbital, using ZnO in transmission mode at every measurement date. The incident X-ray intensity (I 0 ) was monitored using ion chambers that were filled with N 2 gas. Fluorescence Xray intensity (I f ) (Zn-Ka: 8.6 keV) were measured using a 19-element pure Ge solid-state detector (Nomura, 1998) . Al and Cu thin foils were used to reduce fluorescent Xrays of major elements, such as Fe, and elastic scattering, respectively. The X-ray absorption (m(E)) is expressed as m(E) = I f /I 0 . Typically, two to three multiple scans were conducted for each sample, which were averaged. The XANES spectra of all samples were measured at ambient condition.
Analyses of the XANES spectra were performed using REX2000 computer software (Rigaku Corp.) (Taguchi et al., 2005) . The spectra were collected over the range of 9600-9860 eV. The pre-edge background absorption (m B (E)) was subtracted by extrapolating a linear polynomial fitted to the pre-edge absorbance in the 9600-9630 eV regions through the post-edge region. After subtracting the background, absorbance was normalized at the fundamental absorption (m 0 (E)), which is regarded as the mean absorption in the 9750-9860 eV regions. The normalized spectra (m N (E) = [m(E) -m B (E)]/m 0 (E)) were used for XANES analysis.
Normalized Zn XANES spectra of samples were evaluated by a linear combination fitting (LCF) of standard spectra, which precisely followed the method of Ohta (2015) and Ohta and Kubota (2016) as follows. The goodness of fit is expressed by the R-factor that describes the residual error of the fitting. The XANES spectrum of the sample was fitted using that of the residue from the next extraction step. The obtained R-factor was defined as the initial value. Next, the spectrum of the sample was fitted using the spectra of the residue from the next step and the possible target species. If we use proper target substances for the fitting, the determined R-factor decrease from the initial value and the calculated coefficient is comparable with the value determined by the BCR protocol. The LCF analysis was conducted in the energy region of 9630-9720 eV. Empirically, the uncertainty is estimated to be approximately ±5%, and would not exceed ±10% (Manceau et al., 2002; Kirpichtchikova et al., 2006) .
RESULTS
XANES spectroscopy of reference materials and samples
The XANES spectra of Zn 2+ (aq) , Zn(NO 3 ) 2 ·6H 2 O, and ZnSO 4 ·7H 2 O were used as a model of Zn weakly adsorbed onto materials at the exchangeable phase (Fig. 1a) . JLs-1 and JDo-1 were used as reference materials for the possible substances in carbonate minerals. The XANES spectrum of Zn 2+ (aq) has a large peak at 9663 eV and small broad peak at around 9677 eV. The XANES spectra of Zn(NO 3 ) 2 ·6H 2 O and ZnSO 4 ·7H 2 O were also similar to those of Zn 2+ (aq) , although their main peaks were shifted to the lower energy side of 9661 eV and 9662 eV, respectively. JLs-1 and JDo-1 had the peak of the white line at 9662 eV. JDo-1 had the second peak at 9671 eV, but JLs-1 had no distinct peaks in the range of 9665-9690 eV.
The XANES spectra of Zn coprecipitated with FeOOH at pH 6.6, Zn adsorbed to FeOOH at pH 6.4, and d-MnO 2 at pH 6.4 are shown in Fig. 1b along with JMn-1. They exhibit a main peak at 9660 eV and a second distinct peak at 9669 eV. Although JMn-1 and Zn coprecipitated with FeOOH samples show distinctly two peaks, the second peak at 9669 eV is less conspicuous for Zn adsorbed to FeOOH. In contrast, the XANES spectrum of Zn adsorbed to d-MnO 2 had a sharp peak at 9662 eV.
The XANES spectra of Zn-doped HA, Zn foil and JZn-1 that are target materials extracted in Step 3 (Fig. 1c) . Zn foil and JZn-1 were used as a reference material to model native Zn and Zn sulfide ore (sphalerite). Zn-doped Inogashira HA and Dando HA were used as reference materials for Zn bound to organic matter. The XANES spectrum of JZn-1 exhibits a peak at 9659 eV. The spectrum of Zn foil exhibits a main peak at 9663 eV, and preedge shoulder peak at 9655 eV. Zn-doped HA samples exhibit the XANES spectra with a main peak at 9662 eV. Zn-doped humic substances exhibit a main peak shifted slightly to the lower energy side. ZnO and Zn-Al LDH were used as reference materials for reactive Zn products in soils (Fig. 1c) , because Zn is a highly reactive metal in nature (e.g., Voegelin et al., 2005) . The XANES spectrum of ZnO exhibits a main peak at 9663 eV, and a second peak at 9675eV. Zn-Al LDH also exhibits a similar spectrum to ZnO, although the main peak and the second peak is small and broader.
JB-1a, JG-1a, JGb-2, JH-1, and JSl-2 were used as reference materials for Zn in rock-forming minerals (Fig.  1d) . Zn 2+ is supposed to replace Mg 2+ and Fe 2+ in the sites of mafic minerals, such as pyroxene, amphibole, biotite, chlorite, and magnetite. The major minerals containing Mg 2+ and Fe 2+ are pyroxene in JB-1a, hornblende in JGb-2 and JH-1, biotite in JG-1a, and chlorite in JSl-2 (Ando et al., 1987; Terashima et al., 1993; Ohta et al., 2014) . The XANES spectra of these materials exhibit three distinct peaks at 9660 eV, 9663 eV, and 9669 eV. JB-1 and JGb-2 exhibit especially distinct peaks at 9660 eV and 9669 eV and the lowest peak at 9663 eV in their XANES spectra. The intensity of the peak at 9663 eV is at the highest for JH-1, JG-1a, and JSl-2. The XANES spectrum of untreated BCR-701 was also measured for reference, and shows the distinct peaks at 9660 eV and 9669 eV, similar to those of JG-1a and JSl-2.
LCF results of the geochemical reference material sediment series
Figures 2, 3, and 4 show the XANES spectra of the geochemical reference materials, untreated and treated with the BCR protocol. LCF analysis of the untreated samples and the residue from each respective extraction step are summarized in Table 3 . The XANES spectra of these materials show the three peaks at 9660 eV, 9663 eV, and 9669 eV. JSO-1 and JMs-2 had especially distinct peaks at 9660 eV and 9669 eV. The intensity of the peak at 9663 eV was low for JSd-2, JSO-1, and JMs-2. As for JSd-3, the main peak of the spectrum is slightly shifted to the lower energy side and is broader. The broad convex peak of 9675-9685 eV is present in the XANES spectra of all the geochemical reference materials, whereas in contrast, the broad peak is not present in the spectra of any of the other reference materials (Fig. 1) .
JSO-1 has low percentages of Zn (4-9%) extracted at Steps 1, 2, and 3 (Table 1) . Correspondingly, the XANES spectra of Zn in JSO-1 shows little change with the BCR treatment (Fig. 2) . Many research papers have suggested that Zn-Al LDH is one of the dominant species in soils (Manceau et al., 2000; Voegelin et al., 2005; Kirpichtchikova et al., 2006) . However, the XANES spectrum of Zn-Al LDH did not even closely resemble that of JSO-1 (Fig. 2) .
The 19% and 13% of total Zn in JLk-1 were extracted in Steps 2 and 3, respectively. However, as in the case of JSO-1, the XANES spectra of Zn in JLk-1 scarcely changed with the BCR treatment (Fig. 2) . Fe hydroxide is abundant in JLk-1, because 30% of the total Fe was extracted at Step 2 extraction . However, there were no systematic changes in the XANES spectra between the residues after Steps 1 and 2. Therefore, Zn bound to Fe hydroxide must only be negligible in JLk-1.
In the case of JSd-1, 13% and 19% of the total Zn concentration were extracted at the first and second extraction steps, respectively ( Table 2 ). The main peak (9663 eV) of the XANES spectra is relatively sharper after the extraction of Step 1 (Fig. 3) . Carbonates, Zn 2+ (aq) , Zn(NO 3 ) 2 ·6H 2 O, and ZnSO 4 ·7H 2 O are possibly the extracted phases of Step 1. However, those substances were not able to reproduce the features of the XANES spectra. LCF was successfully conducted when JZn-1 and Zn-bearing HA were used as reference materials for the target species in Step 1. Estimated proportions of Zn relative to total Zn were 7% for JZn-1 and 6% for Zn-bearing HA. The sum of these is comparable to that obtained by the BCR protocol (Table 3) . However, there was not a significant difference in the XANES spectra of the residues remaining after extraction Steps 1, 2, and 3 (Fig. 3) . As for JSd-3, only 8-9% of total Zn was extracted at each step ( Table 2 ), such that the XANES spectra did not significantly change with the BCR treatment (Fig. 3) .
The proportions of Zn extracted at Steps 1 and 2 relative to the total Zn were very high to be 21% and 65% for JSd-2 and 32% and 55% for JSd-4, respectively (Table  2) . However, neither Zn weakly adsorbed onto materials nor carbonate materials explained the differences in the XANES spectra. The fitting was successful when JZn-1 and Zn-bearing FeOOH were used as reference materials for the possible compounds extracted at Step 2 for JSd2and JSd-4, respectively. The proportions of these materials determined by LCF were underestimated as compared with the BCR results ( Table 3 ). The XANES spectra of JSd-2 and JSd-4 substantially changed after the extraction of Step 2 (Fig. 3) . It was assumed that the changes are explained by Zn-bearing FeOOH, Zn-bearing d-MnO 2 , and JMn-1 (i.e., ferromanganese nodule). However, such materials failed to explain the differences of the XANES spectra. The best fitting results of the residues remaining after Step 2 were obtained when con- sidering ZnO and Zn coprecipitated with FeOOH for JSd-2, and Zn 2+ (aq) for JSd-4 (Fig. 3) . Proportions of these target species estimated by LCF were underestimated as compared with the BCR results (Table 3) . We disregarded the target species for Step 3 extraction, because the XANES spectra showed little change with BCR treatment after Step 3 extraction for JSd-2 and JSd-4 (Fig. 3) .
In the case of JMs-1, Zn was highly extracted at Steps 1 and 2 ( Table 2 ). The main peak at 9663 eV of the XANES spectra is sharper after the extraction of Step 1 (Fig. 4) . LCF was successful when JZn-1 and Zn-bearing Inogashira HA (or Dando HA) were used as reference materials for the target species in Steps 1 and 3, respectively. Carbonates and Zn-bearing FeOOH were not able to reproduce the features of the XANES spectra. As in the case of JSd-2 and JSd-4, the proportions of the target phases estimated by LCF were lower than that obtained by the BCR protocol (Table 3) . By comparison, there was not a significant difference in the XANES spectra of the residues remaining after Steps 1 and 2 (Fig. 4) .
The 33% of total Zn was extracted from JMs-2 in Step 2, but only 3-4% was extracted in Steps 1 and 3 (Table  2) . Curiously, the XANES spectrum substantially changed after the extraction in Step 1, but only changed slightly after the extraction in Steps 2 and 3 (Fig. 4) . The systematic changes found in the XANES spectra of the residues remaining after Steps 1 and 2 were fitted by Zn coprecipitated with FeOOH. The proportions of Zn-bearing FeOOH estimated for Steps 1 and 2 extractions were about 33% and 8%, respectively, which were not even closely comparable to the BCR results (Table 3) . 
DISCUSSION
Discrepancy in characterizing Zn speciation of geochemical reference materials by combining sequential extraction and XANES spectroscopy
The XANES spectra of JLk-1, JSO-1, JSd-1, and JSd-3 did not significantly change with the BCR treatment. JSd-2, JSd-4, and JMs-1 have Zn sources additional to aluminosilicate minerals, such as sphalerite in JSd-2, and anthropogenic contamination in JSd-4 and JMs-1. However, systematic changes found in the XANES spectra after the BCR treatment were not fully explained by the predicted substances. It may be possible that Zn dissolved by each extracting reagent was re-adsorbed to the residual materials or formed an authigenic precipitate. Scheinost et al. (2002) reported that the XANES spectra of Zn in soil substances substantially changed after the extraction of Zn bound by Fe hydroxides. The change was explained by the oxalate precipitation of Zn dissolved during the extraction, because they used an extracting solution including oxalate. However, Gómez-Ariza et al. (1999) reported that re-adsorption and redistribution of Zn have not occurred significantly in estuarine sediments when using the extractants of the BCR protocol. Therefore, such re-precipitation seems to be improbable in this study.
Slight change in the XANES spectra after the BCR treatment may suggest that Zn was dissolved piecemeal from a mineral phase in each extraction step. However, Ohta (2015) and Ohta and Kubota (2016) reported that Cr and Cu in a mineral phase were scarcely extracted by the BCR protocol. We measured XANES spectra of JB1a, JG-1a, JH-1, JGb-2, and JSl-2 to identify Zn in rockforming minerals (Fig. 1) . Pyroxene and hornblende are the major host minerals of Zn for JB-1a, JGb-2, and JH-1, whereas phyllosilicates are the probable host phases of Zn for JG-1a and JSl-2. Nevertheless, JH-1 has the sharp single peak in its spectrum similar to JG-1a and JSl-2 (Fig. 1) . JB-1a and JGb-2 were prepared from a fresh basalt and gabbro, respectively, whereas JH-1 was prepared from an altered hornblendite (Terashima et al., 1993) . It is known that the mafic minerals are weathered and gradually altered to vermiculite, and subsequently kaolin is formed from the vermiculite (Tomita et al., 1970) . From these results, we assume: 1) that the BCR protocol extracts Zn adsorbed strongly to the weathered layer of minerals during the formation process of soil and sediments; and 2) that its XANES spectrum is similar to those of rock forming minerals, especially phyllosilicates. If it is true, it would be difficult to identify Zn speciation quantitatively by the present LCF analysis. Thus, we estimated the difference spectra (Dm(E)) between the extraction steps to obtain the variation in the XANES spectra with the BCR treatment using the following equation:
Dm(E) n = (m(E) n -(1 -a n ) ¥ m(E) n-1 )/a n
where "m(E)" and "a" indicate the XANES spectra and the coefficient of the BCR protocol, respectively, and "n" represents the residue of the sample after each step (1, 2 and 3) of the extraction and the untreated samples is expressed as n = 0. In principle, we can obtain the difference spectra for all samples and for all extraction steps. However, meaningful difference spectra were obtained only for Steps 2 and 3 of JLk-1, for
Step 1 of JSd-1, for Steps 1, 2, and 3 of JSd-2, JSd-4, and JMs-1, and for
Step 2 of JMs-2. The difference spectra for the other samples were too noisy to be quantitatively analyzed, because the analytical errors of the BCR treatment and the measurement deviations of the XANES spectroscopy were superimposed on the small differences in the spectra. We added JB-1a, JGb-2, JG-1a, and JSl-2 to the LCF analysis of the difference spectra (Dm(E)) as reference materials for Zn adsorbed to the weathered layer of minerals, which is extracted by the BCR protocol. Furthermore, the stable Zn species in the remaining mineral phases were evaluated using the XANES spectra of the residues remaining after Step 3. Figure 5 presents the difference spectra (Dm(E)) obtained and the LCF fitting results for JLk-1, JSd-1, JSd-2, JSd-4, JMs-1, and JMs-2. Table 4 summarizes the LCF fitting results. Zinc speciation of the missing difference spectra (Dm(E)), such as JSO-1 and JSd-3, is discussed simply by examining the similarities of their XANES spectra. 
Inferences of Zn speciation in JLk-1, JSO-1, JSd-1 and JSd-3 having little change in the XANES spectra after the sequential extraction treatment
The XANES spectra of all JSO-1 samples closely resemble that of JGb-2 (Fig. 2) . JSO-1 is originated from mafic volcanic ash and contains allophane, quartz, plagioclase and magnetite Ohta et al., 2014) . Kubota et al. (2014) reported that Fe in JSO-1 exists not as poorly crystalline Fe hydroxides but as Fe oxide minerals because Fe was scarcely extracted by the BCR protocol. Therefore, Zn in JSO-1 may exist as a substituent in magnetite. Zinc in JSO-1 was hardly extracted by the sequential extraction at any stage (Table  2) , because magnetite is a resistate mineral, and is more resistant to the weathering process than mafic minerals (e.g., Anand and Gilkes, 1984) . Although Cu bound to organic matter is the dominant species in JSO-1 and JLk-1 (Ohta and Kubota, 2016) , but is not the case for Zn species in JSO-1.
The XANES spectra of the untreated sample and the residues after the extraction of Steps 1, 2, and 3 in JLk-1 are resemble to that of JG-1a (Fig. 2) . The difference spectra obtained for Steps 2 and 3 were fitted by JG-1a only (Fig. 5) . Therefore, it can be concluded that Zn in JLk-1 exists as phyllosilicate. Actually, muscovite, kaolinite, and montmorillonite are abundant in JLk-1 Ohta et al., 2014) . The increase in concentration of Zn extracted in the second and third extraction procedures can be attributed to the removal of Fe hydroxides and organic matter thickly covering minerals, which promotes the dissolution of Zn from phyllosilicate minerals. LCF analysis of JSd-1 suggests that JZn-1 and Znbearing HA accounted for the differences observed between the XANES spectra of the untreated sample and the residue remaining after Step 1 (Fig. 3) . JSd-1 is stream sediment derived from granitic rocks without associated mining ores and contains a small amount of organic matter Imai et al., 1996) . It is not clear exactly why those materials are identified by the XANES spectroscopy. The XANES spectra of residues JSd-3 is extremely rich in quartz and contains a minor amount of muscovite, plagioclase, K-feldspar, hornblende, and chlorite, as the sample was originated from sandy sediments or chert from accretionary complexes Ohta et al., 2014) . The XANES spectra of JSd-3 were somewhat different from those of the other samples, in that the main peak was shifted after Steps 1-3 extractions were roughly resemble to that of JG-1a. The difference spectrum for Step 2 was fitted by JG-1a only (Fig. 5) . Quartz, plagioclase, K-feldspar, hornblende, biotite, and kaolinite were recorded in the XRD pattern of JSd-1 . It is assumed that Zn dominantly exists as a substituent in the phyllosilicate minerals of biotite and kaolinite in JSd-1. slightly to the lower energy side (9662 eV), and the two peaks at 9660 eV and 9668 eV are not discernible (Fig.  3) . Nonetheless, all JSd-3 have the single peak in their spectra similar to JG-1a and JSl-2, in that Zn might be a substituent in muscovite or chlorite.
Inferences of Zn speciation in JSd-2, JSd-4, JMs-1 and JMs-2 having significant changes in the XANES spectra after the BCR treatment
The JZn-1, Zn coprecipitated with FeOOH (ZnFeOOH), ZnO, and JSl-2 account for the difference spectra of Dm(E) 1 and Dm(E) 2 for JSd-2 (Table 4 ). The Dm(E) 3 was reproduced by Zn-bearing HA and JSl-2. JZn-1 (sphalerite) and Zn-bearing FeOOH were extracted at the earlier extraction stage than we might have predicted. The latter fact suggests that sphalerite has been weathered to become a readily soluble phase. The presence of ZnFeOOH and ZnO in Steps 1 and 2 is interpreted as the oxidization (weathering) products of sphalerite. The JSl-2 was identified in the difference spectra of Steps 2 and 3, which is a reasonable result given chlorite is abundant in JSd-2 . Zinc-bearing HA was identified in Dm(E) 3 , which was not identified in the initial LCF analysis of XANES spectra (Table 3) . Table 5 shows the proportions of the respective species relative to the total Zn, which were calculated conclusively by the LCF analysis of the difference spectra and the BCR results. Table 5 shows that Zn dominantly exists as substances related to mine ores in JSd-2: 7% sphalerite, 39% Zn-FeOOH, 26% ZnO, and 20% chlorite. In summary, most of the sphalerite has been oxidized (weathered) to Zn-FeOOH and ZnO, while chlorite adsorbed Zn released to the fluid phase during the weathering process. The Zn-bearing HA and the rest of the minerals are minor species in JSd-2.
JSd-4 is a black-colored, muddy, stream sediment collected in metropolitan Tokyo and contains high abundances of P, Cr, Ni, Cu, Zn, Sn, Sb, Hg, and Pb. Chlorite, hornblende, augite, and hematite would be possible host minerals of Zn in JSd-4 . The LCF results of JSd-4 is a fairly complex: the Dm(E) 1 was fitted by Zn-FeOOH and JSl-2; the Dm(E) 2 was fitted by Zn 2+ (aq) , Zn-FeOOH and JG-1a; the Dm(E) 3 was fitted by Zn-bearing HA, JGb-2, and JG-1a; while the XANES spectra of the final residue was explained by JGb-2 and JG-1a (Table 4). The proportions of each species relative to the total Zn in Table 5 suggests that anthropogenically-derived Zn in the river has been preferentially adsorbed by phyllosilicate minerals, such as JSl-2 (chlorite) and JG1a (micas) (65% of total Zn), and secondarily coprecipitated with FeOOH (19% of total Zn).
JMs-1 is clay-rich sediment from Tokyo Bay that contains quartz, plagioclase, chlorite, mica, pyrite, halite, calcite, and gypsum, and has been contaminated with anthropogenic activity Ohta et al., 2014) . The Dm(E) 1 for JMs-1 was fitted by 63% JZn-1 and 37% JG-1a. The presence of JZn-1 is interpreted as authigenic precipitation of Zn sulfide. This result is reasonable given JMs-1 was deposited under mostly anoxic estuarine conditions , and authigenic pyrite and Cu sulfide were identified in Step 1 (Ohta and Kubota, 2016) . Authigenic sulfide deposits may have become a readily soluble phase during procedures for preparing geochemical reference material (such as drying, grinding, and mixing) because they are small-sized framboidal aggregates (<~10 mm) (Sweeney and Kaplan, 1973; Lowson, 1982) , resulting in more reactive. The Dm(E) 2 was mainly fitted by 6% Zn coprecipitated with FeOOH, 21% Zn 2+ (aq) , and 73% JG-1a. The Dm(E) 3 was fitted by 43% Zn-bearing HA and 57% JSl-2. The XANES spectrum of the final residue was explained mostly by HA, Chl, Hbl, and Mag indicate humic acid, chlorite, hornblende, and magnetite, respectively . LCF analysis of the difference spectra suggests that anthropogenically-derived Zn in the inner bay environment has preferentially reacted with phyllosilicate minerals like JSl-2 (chlorite) and JG-1a (micas) (41% of total Zn) and precipitated as authigenic ZnS (20% of total Zn) ( Table 5 ). The Zn-bearing FeOOH was a minor species in JMs-1, unlike in JSd-4.
Zinc in JMs-2 was significantly extracted only in Step 2 (33% of total Zn) ( Table 2 ), yet the XANES spectrum nevertheless changed significantly after the extraction in
Step 1 (Fig. 4) . It is possible that Zn dissolved during
Step 1 was re-adsorbed to the remaining materials to an exceptional extent, and subsequently extracted at Step 2 again. As previously mentioned, however, we clearly conclude that such problems do not occur with the BCR protocol. Table 4 shows that the Dm(E) 2 was fitted by 31% Zn coprecipitated with FeOOH, 33% Zn adsorbed to dMnO 2 , and 36% JG-1a. The fact suggests that Zn has been re-adsorbed to a JG-1a-like material during the extraction exceptionally. Phillipsite and hyaloclastite (basaltic volcanic glass), Al hydroxide, and opal are dominant mineral phases in JMs-2 . They are the possible substances causing the re-adsorption of Zn. If this is true, we must remove the influence of re-adsorption process during Step 1 to obtain the intrinsic Zn species in JMs-2. Thus, we first conducted LCF of the XANES spectrum of the untreated sample using the residue remaining after Step 2 and possible target phases. LCF was successfully reproduced using 34% JMn-1 or 37% Fe adsorbed to FeOOH (see [1]* in Fig. 4 and Table  3 ). The result is comparable to the BCR results (the sum of 4% at Step 1 and 33% at Step 2). Subsequently, the difference spectrum (Dm(E)) of the untreated sample and the residue remaining after Step 2 was fitted by 92% Znadsorbed FeOOH and 8% Zn-adsorbed d-MnO 2 without using JG-1a (see [I]* in Fig. 5 ). The final residue of JMs-2 was fitted by 56% JGb-2 and 44% JG-1a. We conclude from those results that JMs-2 is comprised of 36% Znbearing FeOOH, 3% Zn-bearing d-MnO 2 , and 61% residual refractory mineral phases (Table 5) .
The reason why Zn preferentially reacts with phyllosilicate-like materials more than to Fe hydroxide and humic acid
We have confirmed that Zn was extracted from minerals like phyllosilicates by the BCR protocol, but that a JGb-2-like mineral occurs mostly in the final residual phase (Table 5) . However, there is some doubt why FeOOH and HA phases react with Zn less effectively than phyllosilicates. In fact, clay minerals and Mn dioxide have a negative surface charge, while Fe oxides and Fe hydroxide have a near zero surface charge at neutral pH conditions. This is because the value of the zero point charge (pH zpc ) is low for montmorillonite (2-3), kaolinite (3-5), and Mn dioxide (3), but high for Fe oxides (6-8) and Fe hydroxides (8-9) (e.g., Parks, 1967; Murray, 1974; Borggaard, 1983 ion is rather more stable in solution. Actually, the adsorption rate of Zn to clay minerals, Fe hydroxides, Mn dioxide, and humic substances at neutral pH conditions is much smaller than those of Cr, Cu, and Pb (Kerndorff and Schnitzer, 1980; Smith,w 1999) . Figure 6 shows the adsorption rates of Cu and Zn to FeOOH, d-MnO 2 , and HA, which were developed for the standard materials of XANES spectroscopy. Although the amount of data available were limited, the adsorption rate of Cu to FeOOH increased exponentially at neutral pH conditions, but that of Zn was at least 40% for Zn coprecipitated with FeOOH at pH 6.6. By contrast, rates of Zn adsorbed to d-MnO 2 and HA were 85-100% at pH 5-6.7. The presence of d-MnO 2 is expected to be negligible in the geochemical reference materials, except JMs-2, because it mainly formed in deep sea sediments deposited in an oxidative environment. In addition, humic substances seem to represent low efficiency adsorbent material for Zn (Kerndorff and Schnitzer, 1980) . Therefore, Zn adsorbed on clay minerals is the most abundant form of Zn reacting with FeOOH and HA in the geochemical reference materials. The weak extraction rate of Zn in JSO-1 is explained, not only by the resistance of magnetite to the weathering process, but also by the less effective adsorption of Zn to magnetite due to its high pH zpc . By comparison, Zn in JMs-2 is more adsorbed to FeOOH than clays and d-MnO 2 (Table 5 ) because the high pH (7.9-8.3) of seawater promoted the uptake of Zn by FeOOH.
CONCLUSIONS
We have identified and quantified Zn species in a Japanese geochemical reference material sediment series (soil, lake, stream, and marine sediments) by combining a sequential extraction procedure (the BCR protocol) and XANES spectroscopy. Zinc species determined by the sequential extraction procedure did not correspond with those by XANES spectroscopy. Target phases (e.g., adsorbed Zn, Zn-bearing Fe hydroxides and organic matters, and Zn sulfide) predicted by the BCR protocol were at lower abundance levels than expected. The XANES spectra of the geochemical reference materials were well fitted by those of mafic and phyllosilicate minerals, such as hornblende and chlorite, respectively. This fact indicates that the BCR protocol effectively extracts Zn adsorbed to phyllosilicate minerals and the weathered surfaces (including cleavages and fractures) of mafic minerals piecemeal in each BCR extraction step. Sphalerite was found in a stream sediment influenced by mining activity in JSd-2, but its proportion relative to the total Zn was only 7%. By comparison, a significant amount (65%) of the total Zn associated with JSd-2 occurred as oxidation products of sphalerite. As for reference materials JSd-4 and JMs-1 with anthropogenic contamination, we have confirmed that about 20% of the total Zn exists as amorphous FeOOH phase in the stream sediment, and authigenic sulfide formed under anoxic conditions in the inner bay sediment, respectively. Zinc adsorbed to phyllosilicate minerals is still the dominate phase even in these materials.
Notwithstanding the above, the BCR extraction procedure provides us critical information about the potential hazard of toxic elements dissolving in and entering the surrounding hydrosphere. The high percentages of Zn extracted at the early extraction stages are interpreted to be easily released to the hydrosphere irrespective of its speciation in soils and sediments. In contrast, XANES spectroscopy identify any Zn reactive products, which is informative to assess the stability and toxicology of Zn in the solid phase. Thus, the BCR sequential extraction and XANES spectroscopy complement each other.
